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Introduction {#eji4689-sec-0010}
============

The TNF superfamily (TNFSF) is composed of 19 structurally related cytokines that play major roles in the immune system. There is a considerable interest in targeting the TNFSF ligands and receptors of the TNF receptor superfamily (TNFRSF) in medicine. Beyond PD‐1 and CTLA4, several TNFRSF members (4‐1BB, GITR, CD27, OX40, CD40, CD30, HVEM, BAFFR, or TACI) are emerging targets in cancer immunotherapy and are currently tested in clinical trials \[[1](#eji4689-bib-0001){ref-type="ref"}, [2](#eji4689-bib-0002){ref-type="ref"}, [3](#eji4689-bib-0003){ref-type="ref"}\]. TNFSF and TNFRSF members are also important targets for the treatment of autoimmune or inflammatory bowel diseases to dampen inflammation. Some drugs targeting the TNFRSF/TNFSF are clinically approved, such as anti‐TNF drugs, and many others are under investigation in clinical trials.

Experiments carried out in mice have started to elucidate the mode of action of some TNFRSF agonists in cancer. 4‐1BB, GITR, and OX40 agonistic monoclonal antibodies (mAbs) have been proposed to achieve tumor rejection by depleting or inhibiting tumor infiltrating regulatory T cells (Tregs) and by stimulating conventional T cells (Tconvs) \[[4](#eji4689-bib-0004){ref-type="ref"}, [5](#eji4689-bib-0005){ref-type="ref"}, [6](#eji4689-bib-0006){ref-type="ref"}, [7](#eji4689-bib-0007){ref-type="ref"}, [8](#eji4689-bib-0008){ref-type="ref"}, [9](#eji4689-bib-0009){ref-type="ref"}\]. Intriguingly, these same agonists of 4‐1BB and OX40 are also able to suppress autoimmune diseases \[[6](#eji4689-bib-0006){ref-type="ref"}, [7](#eji4689-bib-0007){ref-type="ref"}, [9](#eji4689-bib-0009){ref-type="ref"}, [10](#eji4689-bib-0010){ref-type="ref"}\]. Some mechanisms have been proposed to explain these paradoxical findings. 4‐1BB agonists would increase IFN‐γ production by Tconvs, leading to protective IDO production in an autoimmune context and tumor rejection in cancer \[[11](#eji4689-bib-0011){ref-type="ref"}, [12](#eji4689-bib-0012){ref-type="ref"}\]. OX40 agonistic mAb can promote protective Treg expansion in an autoimmune context while depleting tumor‐infiltrating Tregs \[[6](#eji4689-bib-0006){ref-type="ref"}, [13](#eji4689-bib-0013){ref-type="ref"}\]. Thus, although the therapeutic potential of drugs targeting TNFSF ligands or TNFRSF receptors is major, their mode of action is still poorly defined and challenging to predict.

Transcriptome analyses have clearly demonstrated that several members of the TNFRSF are preferentially expressed on human and mouse Tregs when compared to other immune cell subsets. For instance, *Tnfrsf1b* (TNFR2), *Tnfrsf9* (4‐1BB), *Tnfrsf18* (GITR), and *Tnfrsf4* (OX40) belong to the very restrictive core Treg signature expressed by all Treg subsets and composed of the top 10 genes that are the most highly expressed by Tregs compared to Tconvs \[[14](#eji4689-bib-0014){ref-type="ref"}, [15](#eji4689-bib-0015){ref-type="ref"}\]. Also, *Tnfrsf9*, *Tnfrsf18*, and *Tnfrsf4* are among the top genes that are the most highly expressed by tumor infiltrating Tregs compared to healthy tissue Tregs and tumor infiltrating Tconvs in mice and humans \[[16](#eji4689-bib-0016){ref-type="ref"}, [17](#eji4689-bib-0017){ref-type="ref"}\]. Moreover, GITR protein expression is often considered as a prototypic Treg marker and early upregulation of 4‐1BB is used to discriminate activated Tregs from activated Tconvs in humans \[[18](#eji4689-bib-0018){ref-type="ref"}\]. Together, this suggests that in vivo triggering of these TNFRSF proteins is likely to preferentially target Tregs.

However, the cell‐intrinsic functions of TNFRSF receptors in Treg biology are poorly defined. Experiments done in mice with germline ablation of TNFRSFs are difficult to interpret, since it is unclear whether effects on Tregs are direct or indirect. To date, conditional KO models of TNFRSF receptors in Tregs are lacking. Injection of agonist molecules to TNFR2, 4‐1BB, GITR, DR3, or OX40 led to Treg expansion in mice, and for some of them, to therapeutic effects in autoimmunity \[[13](#eji4689-bib-0013){ref-type="ref"}, [19](#eji4689-bib-0019){ref-type="ref"}‐[22](#eji4689-bib-0022){ref-type="ref"}\], but it was unclear whether this relied on a direct effect on Tregs. In vitro experiments showed that agonists of TNFR2, 4‐1BB, GITR, and DR3 increased Treg expansion \[[23](#eji4689-bib-0023){ref-type="ref"}, [24](#eji4689-bib-0024){ref-type="ref"}, [25](#eji4689-bib-0025){ref-type="ref"}, [26](#eji4689-bib-0026){ref-type="ref"}, [27](#eji4689-bib-0027){ref-type="ref"}\]. Importantly, the effect of several TNFRSF agonists on Treg suppressive function led to some apparently contradictory findings. It was suggested that stimulation of TNFR2, GITR, and OX40 inhibited Treg suppressive function. However, in the meantime these agonists rendered Tconvs refractory to Treg‐mediated suppression. When using experimental design to restrict the effects of the agonists on Tregs, it was usually found that most TNFRSF agonists did not inhibit their suppressive function in vitro \[[9](#eji4689-bib-0009){ref-type="ref"}, [28](#eji4689-bib-0028){ref-type="ref"}‐[31](#eji4689-bib-0031){ref-type="ref"}\].

Most of what we know about signal transduction induced by triggering of TNFRSF receptors comes from studies performed in cell lines, showing activation of the NF‐κB, PI3K, and MAPK pathways \[[32](#eji4689-bib-0032){ref-type="ref"}, [33](#eji4689-bib-0033){ref-type="ref"}\]. Some studies performed with primary Tconvs and very few on primary Tregs suggested activation of these same pathways \[[34](#eji4689-bib-0034){ref-type="ref"}, [35](#eji4689-bib-0035){ref-type="ref"}, [36](#eji4689-bib-0036){ref-type="ref"}, [37](#eji4689-bib-0037){ref-type="ref"}, [38](#eji4689-bib-0038){ref-type="ref"}\]. Moreover, only two studies have investigated the effect of TNFRSF agonists in vitro on the Treg transcriptome, one for TNF and one for OX40 \[[39](#eji4689-bib-0039){ref-type="ref"}, [40](#eji4689-bib-0040){ref-type="ref"}\]. Because a thorough comparison of the effects of different TNFRSF agonists on Tregs has to date not been performed, we know very little on what is common and what is specific to each TNFRSF. Here, we performed a global in vitro and in vivo analysis to explore the effects of TNFRSF engagement on Treg biology, function, and identity. We found that different TNFRSF agonists modulated the expression of a common core set of genes and activate the canonical NF‐κB pathway. These stimulations resulted in Tregs with enhanced proliferation, survival, and suppression of inflammation, opening new perspectives for therapeutic interventions using TNFRSF co‐stimulated Tregs.

Results {#eji4689-sec-0020}
=======

Costimulation with TNFR2, 4‐1BB, GITR, and DR3 agonists increases Treg proliferation and survival {#eji4689-sec-0030}
-------------------------------------------------------------------------------------------------

We first analyzed expression kinetics of TNFRSF members in Tregs after T‐cell activation in vitro. Except for GITR that was constitutively expressed at high levels, TNFR2, 4‐1BB, or OX40 was expressed at low levels on resting Tregs. The expression of all these receptors was upregulated as early as 24 h after TCR/CD28 activation (Fig. [1A](#eji4689-fig-0001){ref-type="fig"}). DR3 was reported to be highly expressed on freshly purified Treg \[[22](#eji4689-bib-0022){ref-type="ref"}\]. To address the effect of the direct stimulation of these TNFRSF on Treg biology, we stimulated highly purified Tregs with anti‐CD3 and anti‐CD28 mAbs for 3 days in the presence of variable concentrations of TNFRSF agonists. Addition of TNFR2‐, 4‐1BB‐, GITR‐, and DR3‐specific agonists increased the numbers of living Tregs by three‐ to fourfold at their optimal concentration compared to control Tregs. In contrast, addition of agonists of OX40 (OX40L and mAb), DR5 (TRAIL and mAb), HVEM (LIGHT), CD27 (CD70), or RANK (RANKL) had minimal or no effects, whereas Fas engagement induced Treg death (Supporting Information Fig. S1). For the rest of the study, we therefore analyzed the effects of agonists of TNFR2, 4‐1BB, GITR, and DR3 at their optimal concentration, along with OX40 agonist because of its well‐characterized capacity to stimulate Tregs in vivo. When we compared these five agonists, TNFR2 and 4‐1BB agonists displayed superior ability to increase Treg proliferation and survival, while GITR and DR3 agonists had a weaker effect and OX40 agonist had no effect (Fig. [1B--D](#eji4689-fig-0001){ref-type="fig"}). Cotreatments combining some of these agonists showed an additive effect on Treg survival and proliferation (Supporting Information Fig. S2). In conclusion, stimulation of TNFR2, 4‐1BB, GITR, and DR3 by agonistic molecules had a direct effect on Tregs to increase their survival and proliferation with some additive effects when they were combined.

![Costimulation with agonists of TNFR2, 4‐1BB, GITR, and DR3 increased Treg proliferation and survival in vitro. (A) Expression of TNFR2, 4‐1BB, GITR, and OX40 was assessed by flow cytometry on freshly purified Tregs (d0) and after 24, 48, and 72 h of culture with agonists and beads coated with anti‐CD3/CD28 mAbs. Representative experiment of three independent experiments with biological duplicates. (B--D) Purified Tregs were stimulated by APCs, anti‐CD3 mAb, and agonists of TNFRSF receptors for 3 days to quantify proliferation and survival. (B) Representative cell proliferation profile of at least nine independent experiments with biological duplicates. Increased proliferation (C) and fold change (FC) of living cells (D) relative to the control culture (without agonist, dotted lines), with each symbol representing the mean of biological duplicates of independent experiments (at least nine). For each agonist, the horizontal bar represents the mean. In (A) and (B), around 20 000 cells were analyzed per gated Tregs.](EJI-50-972-g001){#eji4689-fig-0001}

TNFRSF agonists induce a shared transcriptome signature in Tregs {#eji4689-sec-0040}
----------------------------------------------------------------

To further investigate the modulation of Treg biology by TNFRSF agonists, we performed high‐throughput RNA‐sequencing experiments. Tregs were stimulated with anti‐CD3/CD28 mAbs in the presence or absence of agonists of TNFR2, 4‐1BB, DR3, or OX40 for 18 and 36 h before transcriptome analysis. Of note, GITR agonist was omitted in this analysis because of its relative weak capacity to costimulate Treg proliferation, whereas OX40 agonist was included as a "negative control." Principal component analysis showed that Tregs costimulated by each of the four agonists clearly separated from control Tregs without TNFRSF costimulation (Fig. [2A](#eji4689-fig-0002){ref-type="fig"} and Supporting Information Fig. S3A). To analyze similarities between the effects of the different TNFRSF agonists, we analyzed fold change (FC) of differentially expressed genes (DEG) compared to control. We represented a FC/FC plot to compare the effects of TNFR2 and 4‐1BB agonists. Most of the values gathered on the diagonal with a high positive correlation (Pearson correlation factors of *r* = 0.85 at 18 h and *r* = 0.87 at 36 h), suggesting that these two agonists induced a very similar response (Fig. [2B](#eji4689-fig-0002){ref-type="fig"} and Supporting Information Fig. S3B). Similar analysis comparing the effects of TNFR2 and DR3 agonists also showed strong positive correlation (*r* = 0.83 at 18 h and *r* = 0.87 at 36 h). Interestingly, the off‐diagonal placement of the gene cloud indicates that the global impact of the DR3 agonist was weaker than the impact of the TNFR2 agonist. Finally, a lower correlation was observed between TNFR2 and OX40 agonists (*r* = 0.81 at 18 and 36 h) (Fig. [2B](#eji4689-fig-0002){ref-type="fig"} and Supporting Information Fig. S3B). The heatmap representation of a two‐group comparison (control vs. the four agonists together, using false discovery rate (FDR) \< 0.05 and log2FC \> 0.5) confirmed similarities of the effects of the four agonists. This analysis also highlighted that 4‐1BB and TNFR2 agonists induced the strongest gene expression changes compared to the control, both at 18 h and 36 h (Fig. [2C](#eji4689-fig-0002){ref-type="fig"} and Supporting Information Fig. S3C). Interestingly, a number of the top DEG induced by the TNFRSF agonists at 36 h belonged to the core Treg transcriptomic signature (Supporting Information Fig. S3D), suggesting that TNFRSF stimulation modified the identity of Treg.

![Different TNFRSF agonists induced a similar transcriptomic signature. RNA sequencing was performed on Tregs stimulated with anti‐CD3/CD28 mAbs and agonists of TNFRSF for 18 h. Biological triplicates of one experiment is shown. (A) Principal component analysis. (B) FC/FC plots (expressed in log2) of differentially expressed genes (DEG) compared to controls (FDR \< 0.05) to compare the effects of TNFR2 agonist with the effects of the three other agonists (4‐1BB, DR3, and OX40) on Tregs using the Pearson correlation coefficient. (C) Heatmap of DEG (FDR \< 0.05 and log2FC \> 0.5) in a two‐group comparison analysis between control Tregs and Tregs costimulated by TNFRSF agonists. (D) Gene set enrichment analysis (GSEA) plot showing significant enrichment of genes regulated by TNFR2 costimulation among the indicated DNA replication gene set. (E) Most significantly represented pathways analyzed by gene ontology of DEG upregulated by TNFR2 costimulation (FDR \< 0.05, FC \> 0.5). (F) GSEA plot showing significant enrichment of genes upregulated by TNFR2 costimulation among the indicated "TNF signaling via NF‐κB" pathway. (G) Heatmap representation of the leading edge subset genes extracted from the GSEA in (F).](EJI-50-972-g002){#eji4689-fig-0002}

Because of the strong similarities in gene expression profiles induced by the different TNFRSF agonists, we had to exclude that TNFR2, 4‐1BB, GITR and DR3 co‐stimulation triggered the same TNFRSF receptor, directly or indirectly, to promote Treg proliferation and survival. None of the agonists was able to increase significantly the mRNA expression of the other TNFRSF receptors (Supporting Information Fig. S4A). Also, since Tregs are able to produce TNF, we performed experiments using Tregs isolated from *Tnf* and *Tnfrsf1b* (coding for TNFR2) KO mice to exclude a possible role of autocrine TNF. Agonists of TNFR2, 4‐1BB, GITR and DR3 increased proliferation and survival of Tregs to a similar extent in WTand *Tnf* KO Tregs, showing that their effects were not TNF‐mediated (Supporting Information Fig. S4B). When using *Tnfrsf1b* KO Tregs, the increased Treg proliferation and survival was abolished only with the TNFR2 agonist, showing that agonists of 4‐1BB, GITR or DR3 did not co‐stimulate Tregs via TNFR2 (Supporting Information Fig. S4C). In conclusion, triggering of TNFR2, 4‐1BB, DR3 and OX40 induced a shared program of gene expression with the strongest response observed with agonists of TNFR2 and 4‐1BB. Thus, this comprehensive analysis highlighted TNFR2 and 4‐1BB agonist agents as superior candidates for modulating Treg activity.

TNFRSF costimulation of Tregs involves canonical NF‐κB activation {#eji4689-sec-0050}
-----------------------------------------------------------------

We next focused our transcriptomic analysis at 18 h on the effect of TNFR2 agonist because of its capacity to induce a strong response as attested when studying the proliferation, survival and transcriptome. Gene set enrichment analysis highlighted that genes involved in DNA replication were up‐regulated by TNFR2 agonist, which was consistent with the increased Treg proliferation induced by this agonist (Fig. [2D](#eji4689-fig-0002){ref-type="fig"}). Enrichment analysis of genes up‐regulated by TNFR2 agonist (FDR \< 0.05, Log2FC \> 0.5) showed that the "NF‐κB signaling pathway" and "T‐cell activation" pathway were among the most significantly represented (Fig. [2E](#eji4689-fig-0002){ref-type="fig"}). Also, genes of the "TNF signaling via NF‐κB" pathway were upregulated by TNFR2 agonist in Tregs (Fig. [2F](#eji4689-fig-0002){ref-type="fig"}). Among them, we could find *Rela*, *Relb*, *Nfkb2*, *Traf1*, *Birc2*, *Birc3*, or *Ripk2* (Fig. [2G](#eji4689-fig-0002){ref-type="fig"} and Supporting Information Fig. S5). Similar findings were obtained when we analyzed the effect of the 4‐1BB agonist on Tregs at 18 h (Supporting Information Fig. S6).

To assess whether NF‐κB activation was involved in TNFRSF Treg costimulation, we measured NF‐κB activation by electrophoretic mobility shift assay (EMSA), combined with supershift analysis to assess the involvement of individual NF‐κB subunits. TNFR2, 4‐1BB, GITR, and DR3 agonists induced strong NF‐κB activation 30 min after initial costimulation with sustained activation for at least 4 h (Fig. [3A](#eji4689-fig-0003){ref-type="fig"}). Compared to these four agonists, OX40 agonist induced very minor NF‐κB activation, suggesting once more that OX‐40 had a separate mechanism of action on Tregs. When looking at the identity of the different NF‐κB activated subunits by supershift, RelA and cRel were detected in cells co‐stimulated by TNFR2, 4‐1BB, GITR, and DR3 (Fig. [3B](#eji4689-fig-0003){ref-type="fig"}). This biochemical analysis shows that these TNFRSF agonists strongly activate the canonical NF‐κB pathway in Tregs. To assess the mechanistic relevance of this observation, we analyzed whether the effect of these agonists would be lost using Tregs purified from mice with conditional ablation of *Rela* in Tregs. Compared to control Tregs, *Rela*‐deficient Tregs had significant reduction of proliferation and major reduction of survival induced by the TNFRSF agonists (Fig. [3C--E](#eji4689-fig-0003){ref-type="fig"}). Altogether, these experiments demonstrated that the costimulatory effects of agonists of TNFR2, 4‐1BB, GITR, and DR3 on Tregs required activation of the canonical NF‐κB pathway.

![TNFRSF receptor costimulation activated the canonical NF‐κB pathway in Tregs. (A, B) Tregs, pre‐activated with anti‐CD3/CD28 mAbs for 24 h, were restimulated with TNFRSF agonists alone. The EMSA (A) was performed at 0, 0.5, 1, and 4 h of restimulation. The supershift (B) was performed at 0.5 h of restimulation to investigate the subset composition of the NF‐κB containing complex. Arrowheads indicate the position of the NF‐κB containing complex and arrows indicate the positions of the supershifting complexes bound to mAb specific to RelA and c‐Rel. A representative of three experiments is shown. Proliferation (C, D) and survival (E) of Rela KO and control Tregs, stimulated and analyzed as in Fig. [1](#eji4689-fig-0001){ref-type="fig"}. One representative proliferation profile (C) and increased proliferation and FC living cell numbers relative to the control culture (D, E) from the pool of two independent experiments with two mice per experiment. Each circle represents a mouse (two‐way ANOVA, \**p* \< 0.05, \*\*\**p* \< 0.001.) and the horizontal bar represents the mean. In (C), around 20 000 cells were analyzed per gated Tregs.](EJI-50-972-g003){#eji4689-fig-0003}

Triggering of TNFRSF in Tregs favors expression of molecules of type 2 and type 17 immunity {#eji4689-sec-0060}
-------------------------------------------------------------------------------------------

It is well described that the Treg population can be further subdivided into Tregs with different properties that differentially express cytokines, chemokine receptors, and transcription factors \[[41](#eji4689-bib-0041){ref-type="ref"}\]. To explore whether TNFRSF costimulation would change expression of these molecules, we first analyzed cytokine production by Tregs after 3 days of culture. As expected, control Tregs mainly produced IL‐10, whereas other cytokines (IL‐4, IL‐5, IL‐13, IL‐17a, IL‐23p19, IFN‐γ, and TNF) were detected at lower levels (Fig. [4A](#eji4689-fig-0004){ref-type="fig"}). Interestingly, agonists of TNFR2, 4‐1BB, GITR, and DR3 increased type 2 (IL‐4, IL‐5, and IL‐13) and type 17 (IL23p19) cytokines, whereas TNF was increased only by the TNFR2 agonist. The expression of IL‐10, IL‐17a, and IFN‐γ, the other studied cytokines, was not reproducibly modified by TNFRSF agonists (Fig. [4A](#eji4689-fig-0004){ref-type="fig"}). Consistent with these findings, we detected increased expression of *Il5*, *Ccr4*, *Ccr6*, *Jun, Stat3*, *Stat6*, and *Fosl2*, all known markers of type 2 and 17 immune responses, and decreased expression of *Cxcr3* (Fig. [4B](#eji4689-fig-0004){ref-type="fig"}), a marker of type 1 immunity, upon TNFR2 or 4‐1BB costimulation. The increased expression of CCR6 and GATA3 and decreased expression of CXCR3 were also observed at the protein level in Tregs triggered by TNFRSF agonists (Fig. [4C](#eji4689-fig-0004){ref-type="fig"}). Thus, TNFRSF costimulation in Tregs favors expression of molecules of type 2 and 17 immunity.

![TNFRSF agonists favored polarization toward type 2 and type 17 Tregs. (A) Cytokine production (measured in the supernatant) by Tregs activated by anti‐CD3/CD28 mAb and TNFRSF agonists for 3 days. Each symbol represents mean values of biological triplicates from an independent experiment. (B) DEG (FDR \< 0.05) between control and Tregs costimulated by TNFR2 or 4‐1BB for 36 h among gene sets of "cytokine and chemokine receptors" and "T helper" (Th) transcription factors, listed in the Materials and Methods section. Biological triplicates of one experiment. (C) Representative profiles (upper panels) and FC compared to control (lower panels) of CXCR3, CCR6, and GATA3 expression, analyzed by flow cytometry, on Tregs stimulated by anti‐CD3/CD28 mAbs and TNFRSF agonists for 3 days. Mean (±SEM) values of three independent experiments with biological duplicates. Around 20 000 cells were analyzed per gated Tregs.](EJI-50-972-g004){#eji4689-fig-0004}

Triggering of TNFRSF increases Treg expansion in vivo {#eji4689-sec-0070}
-----------------------------------------------------

We then studied the in vivo fate of Tregs costimulated by TNFRSF in vitro. To assess the effect of TNFR2, 4‐1BB, GITR, and DR3 engagement on Treg homeostasis, we used an adoptive cell transfer approach. Tregs, first stimulated in vitro with TNRSF agonists, were cotransferred intravenously with the same number of control Tregs into WT recipients to compare the homeostatic properties of the two Treg subsets, identified using congenic markers (Fig. [5A](#eji4689-fig-0005){ref-type="fig"}). Early migration was assessed 12 h after cell transfer, before later homeostatic reorganization that would complicate data interpretations. Proportions of TNFRSF costimulated and control Tregs were comparable in all the analyzed lymphoid and nonlymphoid tissues, except the blood, suggesting that TNFRSF treatments did not affect early migration in lymphoid or nonlymphoid tissues (Supporting Information Fig. S7A).

![TNFRSF costimulation increased Treg in vivo expansion and modified Treg tissue recirculation. Tregs, preactivated for 3 days with anti‐CD3/CD28 mAbs alone (control Tregs) or combined with TNFRSF costimulation (co‐stimulated Tregs), were cotransferred in equal numbers to assess their in vivo homeostasis 7 days later. (A) Experimental design (upper panel) and representative plot showing cotransferred Tregs identified with congenic markers (lower panel). (B) Proportions of coinjected Tregs in spleen, peripheral lymph nodes (pLN), liver, and lung. Each dot is a mouse and lines connect cells from the same mouse. Unpaired Mann--Whitney test was used. (C, D) Ki67, CD62L, CXCR3, and CCR6 expression among injected cells. Upper panels show representative histograms for control and TNFR2 costimulated Tregs in the spleen. Lower panels show the mean (±SD) of FC MFI expression of costimulated compared to control Tregs in spleen, pLN, and mesenteric (MLN) LN. Data were obtained from two independent experiments with six mice per group in total. From 100 to 500 cells were analyzed per gated Tregs.](EJI-50-972-g005){#eji4689-fig-0005}

Having established that TNFRSF‐treated Tregs have the same early tissue distribution than control Tregs, we then analyzed donor cells 7 days after co‐transfer to assess their recirculation, survival, and proliferation. Overall, costimulated Tregs were present in higher numbers than control Tregs in the spleen, lymph nodes, lung, and liver, with variations depending on the tissue and the TNFRSF agonist used (Fig. [5B](#eji4689-fig-0005){ref-type="fig"}). 4‐1BB costimulation induced the strongest effect, followed by GITR, TNFR2, and DR3 costimulation. Importantly, costimulated Tregs expressed higher levels of the Ki67 proliferation marker in all tissues compared to control (Fig. [5C](#eji4689-fig-0005){ref-type="fig"}). Since Ki67 differential expression was not yet observed 12 h after transfer (Supporting Information Fig. S7B), costimulated Tregs proliferated more than control Tregs or proliferating costimulated Tregs had better survival after transfer. The increased mRNA expression of *Bcl2l1* (Bcl‐~XL~) and decreased expression of *Bcl2l11* (Bim) in costimulated Tregs, two molecules critical in cell survival, may indicate an effect on cell survival (Supporting Information Fig. S8). Compared to control cells, costimulated Tregs expressed higher levels of CD62L and CCR6 and lower levels of CXCR3 7 days after transfer (Fig. [5D](#eji4689-fig-0005){ref-type="fig"}), a phenomenon that was already observed 12 h after transfer (Supporting Information Fig. S7C). In conclusion, Tregs that were costimulated with TNFRSF agonists modified their phenotype and acquired an increased capacity to expand in lymphoid and nonlymphoid tissues.

Tregs costimulated by TNFRSF have increased capacity to suppress colitis {#eji4689-sec-0080}
------------------------------------------------------------------------

We finally studied the effect of TNFRSF agonists on Treg function. Tregs that were costimulated for 3 days with agonists of TNFR2, 4‐1BB, GITR, or DR3 were tested for their in vitro capacity to suppress proliferation of conventional T cells. None of the agonists had an impact (Fig. [6A](#eji4689-fig-0006){ref-type="fig"}). However, it is well known that only a fraction of the numerous in vivo Treg suppressive mechanisms is tested in this classical in vitro assay. To further explore putative changes induced by TNFRS agonists in the Treg suppressive profile, we analyzed RNA expression of a gene set involved in immune suppression. We observed that some of them were downregulated and others were upregulated upon TNFR2 and 4‐1BB engagements (e.g., *Il10*/*Ctla4* and *Ebi3*, respectively) (Fig. [6B](#eji4689-fig-0006){ref-type="fig"}). This suggests that, beyond their similar suppressive profile in vitro, TNFRSF‐stimulated Tregs may use different means to achieve target inhibition. We then assessed the impact of short‐term incubation (2 h) of Tregs with TNFRSF agonists on their in vivo function in a colitis model induced by Tconv injection in *Rag2^−/−^* mice. We only studied the effect of TNFR2 and GITR agonists because these receptors were already expressed by resting Tregs. Remarkably, Tregs that were preincubated with agonists of TNFR2 or GITR displayed a significantly increased capacity to control the disease compared to control Tregs. Indeed, mice injected with these costimulated Tregs gained weight over time (Fig. [6C](#eji4689-fig-0006){ref-type="fig"}). Histological examination of the colon further supported these findings. Mice injected with Tconvs alone had marked inflammatory cell infiltrates associated with major epithelial hyperplasia and loss of intestinal glands (Fig. [6D](#eji4689-fig-0006){ref-type="fig"}). Mice coinjected with control Tregs displayed reduced but clear colitis with moderate inflammatory cell infiltrates and mild epithelial hyperplasia. Mice coinjected with Tregs costimulated with agonists of TNFR2 or GITR had no or minor colitis with no or minimal scattered mucosal inflammatory cell infiltrates without epithelial hyperplasia. Thus, triggering of TNFR2 or GITR increased the capacity of Tregs to suppress colitis.

![Costimulation of Tregs by TNFRSF receptors modified their expression of suppressive molecules and increased their capacity to suppress colitis. (A) Tregs, preactivated with anti‐CD3/CD28 mAb and TNFRSF agonists, were tested for their in vitro suppressive function. Mean (±SD) values from one representative of three independent experiments is shown. (B) DEG (FDR \< 0.05) between control and Tregs co‐stimulated by TNFR2 or 4‐1BB for 36 h among a gene sets of Treg effector molecules, listed in the Materials and Methods section. (C, D) Tregs preincubated with agonists of GITR or TNFR2 or control (CTRL) Tregs were injected in Rag2^−/−^ mice to assess their ability to control colitis induced by Tconvs. Pool of two independent experiments with a total of six mice per group. Colitis was assessed by measuring mouse weight (C) and by histological examination of the colon at sacrifice (10× magnification) (D). (D) Representative (left panels) and mean (±SEM) colitis score (right panel) of tissue sections are shown. Statistical significance was analyzed using a one‐way ANOVA test, \**p* \< 0.05.](EJI-50-972-g006){#eji4689-fig-0006}

Discussion {#eji4689-sec-0090}
==========

There are multiple drugs targeting TNFSF ligands and TNFRSF receptors. Some are widely used to treat autoimmune diseases (e.g. anti‐TNF) and many others are in clinical trials for cancers, and autoimmune and inflammatory diseases. Although their mechanisms of action are likely diverse, there is strong evidence that part of them are Treg mediated for different reasons: (i) Tregs specifically express high levels of several TNFRSF members (i.e., TNFR2, 4‐1BB, GITR, and OX40), (ii) different agonists of TNFRSF members increase Treg expansion in vitro, and (iii) injecting agonists of several TNFRSF induced Treg expansion, although it could be via indirect mechanisms. Besides these findings, we know surprisingly very little on the direct biologic effect of TNFRSF agonists on Tregs.

Our study shows for the first time the following new findings: (i) Triggering of 4‐1BB, GITR, and DR3 increases Treg survival in vitro; (ii) there is an additive effect of combining agonists of some TNFRSF for Treg proliferation and survival; (iii) at the whole transcriptome level, agonists of TNFRSF induce a surprisingly similar signature, although the global effect is stronger with agonists of TNFR2 and 4‐1BB; (iv) agonists of 4‐1BB, GITR, and DR3 do not costimulate Tregs simply by increasing TNF/TNFR2 signaling; (v) triggering TNFRSF activates the canonical NF‐κB pathway in Tregs by increasing RelA and cRel DNA binding activity; (vi) part of the increased Treg proliferation and survival induced by agonists of TNFRSF is RelA dependent; (vii) triggering TNFRSF induces Tregs that express higher levels of molecules of type 2 and 17 immunity, (viii) agonists of TNFRSF directly increase Treg expansion in vivo; and (viii) agonists of TNFR2 and GITR increase the capacity of Tregs to control colitis. The long‐term impact on colitis of the short‐term preincubation (only 2 h) with TNFR2 or GITR agonists was quite impressive. It might be due partly to the fact that the agonists would remain bound to the injected Tregs, prolonging a signal transduction in vivo. Overall, we show here that triggering several members of the TNFRSF in Tregs modifies their biology, increases their capacity to proliferate and survive through NF‐κB activation and improves their capacity to suppress in vivo.

One of the major surprises of our data is the strong similarity of the effects of agonists of TNFR2, 4‐1BB, GITR, and OX40 when looking at the whole transcriptome level. Since we excluded the possibility that this was due to triggering the same receptor (TNFR2) via endogenous TNF, this indicates that their downstream signaling pathways are likely related or even identical. Illustrating this point, the absence of co‐stimulatory activity of OX40 is best explained by its inability to induce canonical NF‐κB activation.

It was shown previously that triggering of TNFR2, 4‐1BB, GITR, or DR3 increases Treg proliferation in vitro \[[23](#eji4689-bib-0023){ref-type="ref"}, [24](#eji4689-bib-0024){ref-type="ref"}, [25](#eji4689-bib-0025){ref-type="ref"}, [26](#eji4689-bib-0026){ref-type="ref"}, [27](#eji4689-bib-0027){ref-type="ref"}\] and we confirmed these findings. However, there has been no report showing that this would be the case in vivo as well. It was shown that injection of agonists of several TNFRSF molecules did induce Treg expansion but this could be due to an indirect effect \[[13](#eji4689-bib-0013){ref-type="ref"}, [19](#eji4689-bib-0019){ref-type="ref"}‐[22](#eji4689-bib-0022){ref-type="ref"}\]. For instance, triggering of some TNFRSF receptors also activate Tconvs, which produce IL‐2 that in turn may boost Treg proliferation \[[42](#eji4689-bib-0042){ref-type="ref"}, [43](#eji4689-bib-0043){ref-type="ref"}\]. Interestingly, it was proposed that injection of an OX40 agonist increased Treg expansion by increasing their sensitivity to IL‐2 due to decreased SOCS1 and increased miR155 expression \[[44](#eji4689-bib-0044){ref-type="ref"}\]. Thus, the absence of an effect of OX40 agonist in vitro could be due to the high IL‐2 level in our cultures. Here, we show that triggering of TNFR2, 4‐1BB, GITR, and DR3 on Tregs increases their expansion in vivo by a direct effect on the cells.

We show here that agonists of TNFR2, 4‐1BB, GITR, and DR3 increased Treg survival. This was shown previously for Tconvs but not for Tregs \[[45](#eji4689-bib-0045){ref-type="ref"}\]. For Tconvs, increased survival was associated with increased expression of pro‐survival molecules, such as survivin, Bcl‐2, Bcl‐~XL~, cFLIP‐short, or Bfl‐1 and decreased expression of pro‐apoptotic molecules, such as Bim and Bad \[[45](#eji4689-bib-0045){ref-type="ref"}, [46](#eji4689-bib-0046){ref-type="ref"}, [47](#eji4689-bib-0047){ref-type="ref"}\]. The mechanisms of Treg survival induced by TNFRSF agonists may be only partly similar to those of Tconvs. Indeed, on the one hand, we also observed increased expression of *Bcl2l1* (coding for Bcl‐~XL~) and decreased expression of *Bcl2l11* (coding for Bim) but, on the other hand, we had reduced expression of *Bcl2* and no significant difference for the other described molecules (Supporting Information Fig. S8). Other molecules may play a role since we found changes in the expression of caspases (*Casp2* and *7*), *Ripk1* and *Ripk3* and TRAF molecules (*Traf1*, *3*, *6* and *7*), all involved in T‐cell survival or apoptosis.

The signal transduction triggered by TNFRSF agonists in vitro has hardly been studied in Tregs. To date and to our knowledge, transcriptomic analyses have been reported in only two studies. In the one study, the authors studied the effect of TNF on human Tregs but there was no TCR/CD28 stimulation \[[40](#eji4689-bib-0040){ref-type="ref"}\]. In the other study, the effect of an agonist of OX40 was studied in combination with TCR activation on purified mouse Tregs in vitro \[[39](#eji4689-bib-0039){ref-type="ref"}\], a condition that resembles our experimental setting. However, only 21 DEG were detected versus over 180 DEG (FDR \< 0.05, FC \> 2) in our study, suggesting that their culture condition may not be optimal. Also, we observed that OX40 is the one, among the five studied TNFRSF, that had no effect on Treg proliferation and survival. Thus, using our transcriptomic analysis, comparing the effect of agonist of TNFR2, 4‐1BB, DR3, and OX40 on Tregs, opens a new field of investigation. As for the transcriptome, very few biochemical data exploring the signals transduced by TNFRSF on Tregs have been published. These reports, measuring amounts of IκBα, and NF‐κB members (NFκB1, NFκB2, RelA, c‐Rel, and RelB) by Western blot suggested that triggering of TNFR2, GITR, and DR3 activates both the canonical and noncanonical NF‐κB pathways \[[34](#eji4689-bib-0034){ref-type="ref"}, [35](#eji4689-bib-0035){ref-type="ref"}, [36](#eji4689-bib-0036){ref-type="ref"}, [37](#eji4689-bib-0037){ref-type="ref"}, [38](#eji4689-bib-0038){ref-type="ref"}\]. However, these assays are less informative than the EMSA and supershift assays that we performed since the amount of a transcription factor does not necessarily reflects its DNA binding activity. Our study challenges previous findings and indicates that TNFRSF agonists mainly activate the canonical NF‐κB pathway with activation of cRel and RelA subunits. This was confirmed using *Rela*‐deficient Tregs in which part of the biological activity induced by TNFRSF costimulation was lost. We did not find any evidence of the activation of the noncanonical pathway, which may be even inhibitory for Tregs since GITR‐costimulation induced an increase in proliferation when cells were deficient for the NF‐κB‐inducing kinase, an up‐stream activator of this pathway \[[36](#eji4689-bib-0036){ref-type="ref"}\].

We also demonstrated that triggering of TNFRSF did not modify Treg suppressive function in vitro, as previously shown for TNFR2, GITR, and OX40 \[[9](#eji4689-bib-0009){ref-type="ref"}, [28](#eji4689-bib-0028){ref-type="ref"}‐[31](#eji4689-bib-0031){ref-type="ref"}\]. However, these in vitro assays only reflect the "tip of the iceberg" of the suppressive potential of Tregs that use very diverse mechanisms of suppression in vivo. We found that agonists of TNFR2 or GITR increased the capacity of Tregs to suppress colitis. This may be important with respect to the use of Tregs in cell therapy, which is intensively investigated to control graft rejection, graft versus host disease or autoimmune and inflammatory diseases \[[48](#eji4689-bib-0048){ref-type="ref"}\]. The major challenge is to obtain high amounts of pure, stable, and functional Tregs after in vitro cell expansion. Adding TNFRSF agonists to the culture might help to reach this goal given their capacity to increase Treg proliferation, expansion, and probably in vivo suppressive function. The type 2/17 immune profile of Tregs co‐stimulated by the TNFRSF agonists might be due to the increased expression of *Gata3*, *Stat3*, *Stat5*, *Stat6*, and AP‐1 factors (*Jun* and *Fosl2*), although decreased expression of *Maf, Irf4*, or *Ahr* may limit this differentiation. Our findings may suggest that Tregs costimulated with TNFRSF agonists would be more adapted to control Th2 and Th17 type diseases, rather than Th1 type diseases, notably because the increased expression of CCR4 and CCR6 and decreased expression of CXCR3 would favor their migration toward Th2‐ and Th17‐type inflammation sites. This is also compatible with the increased capacity of Treg costimulated by the GITR or TNFR2 agonists to control colitis because of the known pathogenic IL‐23/Th17 axis in this disease \[[49](#eji4689-bib-0049){ref-type="ref"}\]. Overall, we show here that triggering several members of the TNFRSF in Tregs increased their proliferation and survival by activating NF‐κB and improve their capacity to suppress colitis. Thus, the TNFRSF may play a major role in Treg biology and part of the beneficial effects of drugs targeting TNFSF or TNFRSF molecules is likely Treg mediated.

Materials and Methods {#eji4689-sec-0100}
=====================

Mice {#eji4689-sec-0110}
----

*Foxp3‐CRE‐IRES‐YFP* (*Foxp3^Cre^*) \[[50](#eji4689-bib-0050){ref-type="ref"}\] and *Foxp3‐IRES‐GFP* \[[51](#eji4689-bib-0051){ref-type="ref"}\] (*Foxp3^GFP^*) knock‐in mice were kindly given by Prs. Alexander Rudensky and Bernard Malissen, respectively, and *Rela^flox^* knock‐in mice were previously described \[[52](#eji4689-bib-0052){ref-type="ref"}\]. *Foxp3‐DTR* (*Foxp3^tm3(DTR/GFP)Ayr/J^*), *Tnf^−/−^* (*Tnf^tm1Gk1/J^*), and *Tnfrsf1b^−/−^* (*Tnfrsf1^btm1Mwm/J^*) were obtained from the Jackson laboratory. *Cd3^−/−^* (*CD3^etm1Mal^*) and *Rag2^−/−^* mice were obtained from the cryopreservation distribution typing and animal archiving department (Orléans, France). All mice were on a C57Bl/6J background. Mice were housed under specific pathogen‐free conditions. All experimental protocols were approved by the local ethics committee and are in compliance with European Union guidelines.

Cell preparation from tissues {#eji4689-sec-0120}
-----------------------------

For lymphoid tissues, cells were isolated by mechanical dilacerations. For nonlymphoid tissues, anesthetized mice were perfused intracardially with cold PBS. Small pieces of livers and lungs were digested in type IV collagenase (0.3 mg/mL) and DNase I (100 μg/mL) for 30 min at 37°C, followed by Percoll gradient (30--70%) separation.

Antibodies and flow cytometry analysis {#eji4689-sec-0130}
--------------------------------------

The following mAbs from BD Biosciences were used: anti‐CD45 (30‐F11), anti‐CD4 (RM4‐5), anti‐CD62L (MEL‐14), anti‐CD90.1 (OX‐7), anti‐CD90.2 (30‐H12), anti‐CD45.1 (A20), anti‐CD45.2 (104), anti‐CD25 (PC61 or 7D4), anti‐GITR (DTA‐1), anti‐GATA3 (L50‐823), anti‐CXCR3 (CXCR3‐173), anti‐CCR6 (140706), and anti‐TNFR2 (TR75‐89). Anti‐GFP antibody was purchased from Life Technologies. Anti‐CD3 (145‐2C11), anti‐Foxp3 (FJK‐16s), anti‐Ki‐67 (SOLA15), anti‐4‐1BB (17B5), and anti‐OX40 (OX86) were purchased from eBioscience, and Foxp3 staining was performed using the eBioscience kit and protocol. Cell survival was assessed with fixable viability dyes (e780 and e506). Flow cytometry analyses and sorting were performed according to previously described guidelines \[[53](#eji4689-bib-0053){ref-type="ref"}\]. Cells were acquired on a BD LSRII or a BD Fortessa X20 cytometers and analyzed using FlowJo software.

Treg and Tconv purification {#eji4689-sec-0140}
---------------------------

Tconvs were purified after enrichment of CD25*^−^* cells using biotinylated anti‐CD25 mAb (7D4) or of CD8*^−^* CD19*^−^* CD11b*^−^* cells using biotinylated anti‐CD8 (53‐6.7), CD19 (1D3), and CD11b (M1/70) mAbs and anti‐biotin microbeads (Miltenyi Biotec), followed by CD4 staining (RM4.5) and cell sorting of CD4^+^ Foxp3/YFP*^−^* cells or CD4^+^ Foxp3/GFP*^−^* using the BD FACSAria II. Control Tregs were purified from spleen and lymph nodes after enrichment of CD25^+^ cells using biotinylated anti‐CD25 mAb (7D4) and anti‐biotin microbeads (Miltenyi Biotec), followed by CD4 staining (RM4.5) and cell sorting of CD4^+^ Foxp3/YFP^+^ cells or CD4^+^ Foxp3/GFP^+^ using the BD FACSAria II. Treg purification was over 99%. TNF‐ and TNFR2‐deficient Tregs were similarly purified from *Tnf^−/−^* x *Foxp3^GFP^* and *Tnfrsf1b^−/−^* x *Foxp3^GFP^* mice, respectively. RelA‐deficient Tregs and their control Tregs were similarly purified from *Foxp3^Cre/+^* x *Rela^flox^* and *Foxp3^Cre/+^* mice, respectively. We used *Foxp3^Cre/+^* x *Rela^flox^* mice because they did not develop autoimmunity, contrary to *Foxp3^Cre^* x *Rela^flox^* mice as we recently reported \[[52](#eji4689-bib-0052){ref-type="ref"}\].

Cell cultures {#eji4689-sec-0150}
-------------

Purified Tregs were cultivated in a complete medium composed of RPMI 1640, glutamax, and 10% fetal bovine serum, which was supplemented with IL‐2 (10 ng/mL, Peprotech) in all the cultures. Tregs were stimulated either with coated anti‐CD3 (coating at 1 or 2 μg/mL, 2C11; BioXcell) and anti‐CD28 (coating at 2 μg/mL) mAbs in 96‐well flat plates (15 x 10^4^ cells/well) or with irradiated splenocytes from *Cd3^−/−^* mice (7.5 x 10^4^ cells/well) used as APCs and soluble anti‐CD3 (0.05 μg/mL) mAb in 96‐well round plate (2.5 x 10^4^ cells/well). The following soluble TNFRSF agonists were used to costimulate Tregs: anti‐4‐1BB mAb (10 μg/mL, 3H3; BioXcell), anti‐GITR mAb (3 μg/mL, DTA‐1; BioXcell), OX40L (100 ng/mL; AdipoGen), TNC‐sc(mu)TNF80 (STAR2) (12 ng/mL \[[19](#eji4689-bib-0019){ref-type="ref"}\]), TL1A (12 ng/mL), LIGHT (AdipoGen), CD70, RANKL (Adipogen), FASL (Adipogen), TRAIL (Adipogen), anti‐DR5 mAb (MD5‐1; BioXCell), and anti‐OX40 mAb (OX86; BioXcell). Proliferation was assessed by labeling Tregs with CellTrace Violet (Life Technologies).

The "Relative Division" value was calculated using the following formula: \[(CellTrace mean fluorescence intensity (CT MFI) of CTRL Tregs minus CT MFI of TNFRSF co‐stimulated Tregs) divided by CT MFI of CTRL Tregs\] x 100, among living cells. The "FC living cells" value was calculated using the following formula: percentage of TNFRSF co‐stimulated living Tregs divided by percentage of control living Tregs. Living cells were assessed using a fixable viability dye (live/dead assay). For the additive effect of two TNFRSF agonists, the relative proliferation was calculated using the following formula: CT MFI of Tregs cultivated with one agonist divided by CT MFI of Tregs cultivated with two agonists and the FC living cells was calculated using the following formula: percentage of living Tregs cultivated with two agonists divided by percentage of living Tregs cultivated with one agonist.

For the suppression assay {#eji4689-sec-0160}
-------------------------

Tconvs (2.5 x 10^4^ cells/well), labeled with CellTrace Violet, were incubated with different concentrations of Tregs and splenocytes from *Cd3^−/−^* mice (7.5 x 10^4^ cells/well) with an anti‐CD3 mAb (0.05 μg/mL, 2C11) in a round‐bottom plate in complete medium. The percentage suppression was calculated using the following formula: (% of divided cells in Tconvs alone minus % of divided cells in Tconvs + Tregs) divided by % of divided cells in Tconvs alone.

Cytokine quantification {#eji4689-sec-0170}
-----------------------

After 3 days of Treg stimulation with coated antibodies and agonists, cytokine production in the supernatant was assessed using a Luminex kit from R&D systems.

Colitis {#eji4689-sec-0180}
-------

Tregs were first preincubated for 2 h at 37°C in complete medium and IL‐2 and anti‐GITR antibody (12 μg/mL) or STAR2 (48 ng/mL). Then, Tconvs (CD4^+^GFP*^−^*, 1 x 10^5^ cells) and Tregs (CD4^+^YFP^+^, 2 x 10^4^ cells) were injected intravenously into sex‐matched *Rag2^−/−^* mice. The clinical evaluation was performed three times a week by measuring body weight. For histological examination, colons were fixed in 10% formaldehyde. Five micrometer paraffin‐embedded sections were stained with hematoxylin and eosin and blindly scored. Colitis was scored on tissue sections as described previously \[[54](#eji4689-bib-0054){ref-type="ref"}\].

T‐cell adoptive transfer {#eji4689-sec-0190}
------------------------

Tregs purified from *Foxp3^GFP^* mice expressing the CD90.1 CD45.2 congenic markers and from *Foxp3‐DTR* mice expressing the CD90.2 CD45.1 congenic markers were cultivated for 3 days as explained above, rested for 24 h in complete medium and IL‐2, and then coinjected intravenously (5 x 10^5^ of each group) in C57BL/6J mice (CD90.2/CD45.2). Donor cells were analyzed 12 h and 7 days postinjection.

RNA sequencing and bioinformatics analyses {#eji4689-sec-0200}
------------------------------------------

Tregs were stimulated by coated anti‐CD3 and CD28 mAbs as above for 18 and 36 h to generate biological triplicates. RNA was extracted using the NucleoSpin RNA XS kit from Macherey‐Nagel, quantified using a ND‐1000 NanoDrop spectrophotometer (NanoDrop Technologies), and purity/integrity was assessed using disposable RNA chips (Agilent High Sensitivity RNA ScreenTape) and an Agilent 2200 Tapestation (Agilent Technologies, Waldbrunn, Germany). mRNA library preparation was performed following manufacturer\'s recommendations (SMART‐Seq v4 Ultra Low Input RNA Kit TAKARA). Final‐17 samples pooled library prep was sequenced on Nextseq 500 ILLUMINA with HighOutPut cartridge (2x400Millions of 75 bases reads), corresponding to 2 times 23 x 10^6^ reads per sample after demultiplexing. Poor quality sequences have been trimmed or removed with Trimmomatic software to retain only good quality paired reads. Star v2.5.3a \[[55](#eji4689-bib-0055){ref-type="ref"}\] has been used to align reads on reference genome mm10 using standard options. Quantification of gene and isoform abundances has been done with rsem 1.2.28 \[[56](#eji4689-bib-0056){ref-type="ref"}\] prior to normalization on library size with DESEq2 bioconductor package. Finally, differential analysis has been conducted with edgeR bioconductor package. Multiple hypothesis adjusted *p*‐values were calculated with the Benjamini--Hochberg procedure to control FDR. Principal component analysis was performed using Partek‐flow® (Partek). Heatmaps, gene ontology, and gene set enrichment analysis were performed using Qlucore® omics explorer 3.5 (Qlucore), Metascape (Metascape.org), and the shiny interface of the Institut du Cerveau et de la Moelle épinière (Paris, France).

Gene sets of supervised RNA‐Seq analyses {#eji4689-sec-0210}
----------------------------------------

The "cytokines and chemokine receptors" and "T helper transcription factors" lists of genes used in Fig. [4B](#eji4689-fig-0004){ref-type="fig"} are the following: Ccr10, ccr4, Ccr6, Ccr8, Cxcr3, Ifng, Il10, Il13, Il17, Il2, Il21, Il22, Il23r, Il4, Il5, Il9, Klrb1c, Ptgdr2, Tnf and Ahr , Fosl2, Foxo4, Gata3, Irf4, Jun, Maf, Rorc, Spi1, Stat\*, and Tbx21. The list of genes involved in T‐cell survival and apoptosis used in Supporting Information Fig. S8 is the following: *Akt1* (Akt), *Bad*, *Bak1* (Bak), *Bax*, *Bbc3* (Puma), *Bcl10*, *Bcl2*, *Bcl2a*\* (Bfl‐1), *Bcl2l*\* (Bcl‐XL, Bim, etc.), *Birc5* (Survivin), *Casp*\*, *Cflar* (c‐Flip), *Cybb* (Nox2), *Dffa*, *Fadd*, *Fas*, *Fasl*, *Foxp3*, *Gpam*, *Il7r*, *Il2ra*, *Il2rb*, *Il2rg*, *Jun*, *Lgals*\* (Galectin‐\*), *Max*, *Mcl1*, *Mnt*, *Myc*, Nfkb1, *Nfkb2*, *Nfkbi*\* (Ikb\*), *Nos2* (iNOS), *Pdcd1* (Pd1), *Pip*, *Pmaip1* (Noxa), *Prelid1*, *Prkcq* (PKC‐theta), *Ripk1* (Rip1), *Ripk3* (Rip3), *Sirt1*, *Siva1*, *Stat3*, *Stat5a*, *Stat5b*, *Tgfb*\*, *Traf*\*, and *Trp53* (P53). The "Treg effector" list of genes used in Fig. [6B](#eji4689-fig-0006){ref-type="fig"} is the following: Areg, Ccl3, Ccl4, Cd274 (PDL1), Ctla4, Ebi3, Entpd1, Ezh2, Fgl2, Foxp3, Furin, Gzm\*, Hmox1, Hmox2, Icos, Il10, Il1r\*, Il2r\*, Il6ra, Itgal, Itgb2, Itgb8, Lag3, Lgals1, Lrrc32, Nrp1, Nt5e, Pdcd1, Pde3b, Tgfb\*, Tigit, Tnfsf\*, and Tnfrsf\*. Heatmaps represented DEG (FDR \< 0.05) using Qlucore® omics explorer 3.5 (Qlucore).

Electrophoretic mobility shift assays (EMSA) combined with supershift assays {#eji4689-sec-0220}
----------------------------------------------------------------------------

Tregs from *Foxp3^GFP^* mice were stimulated for 24 h with coated anti‐CD3/CD28 mAbs, rested for 1.5 or 4 h in complete medium and IL‐2, and restimulated with TNFRSF agonists and IL‐2 for 0.5, 1, and 4 h. Total protein extracts were prepared and analyzed for DNA‐binding activity using the HIV‐LTR tandem κB oligonucleotide as κB probe as previously described \[[57](#eji4689-bib-0057){ref-type="ref"}\]. For supershifts, protein extracts were incubated with specific antibodies for 30 min on ice before incubation with the labeled probe.

Statistics {#eji4689-sec-0230}
----------

Statistical analyses were performed using GraphPad Prism Software. Statistical tests used were indicated in the figure legends: \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.
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